The RNA world hypothesis for the origin of life is widely accepted in spite of the complexity of RNA synthesis. An alternative hypothesis is advanced for the origin and evolution of protein and nucleic acid synthesis. From an early stage synthesis of the evolutionary predecessors of nucleic acids and polypeptides was coupled. This evolved into an RNA replication process that used 3'-aminoacyl-NMP monomers (N= pyrimidine or purine) with a singlet coding system in which the four bases coded for glycine, alanine, valine and aspartic acid. Ribosomal protein synthesis (RPS) evolved from coupled replication by using tRNAs and separating fidelity checking and peptide bond formation functions into small and large ribosomal subunits. Continuity was maintained during the transition to the triplet process by using the same catalysts that aminoacylated NMPs to aminoacylate four different bases at the 3' ends of the original tRNAs. Four GNC codons used the central base to designate the same four amino acids that were coded in singlet replication. Triplet-coded protein synthesis had the advantage of producing multiple copies of protein from a single copy of RNA, and eventually replaced protein synthesis via singlet-coded replication. Evolution of the simple triplet-coded process into RPS is described.
Introduction
The RNA world hypothesis (RWH) for the origin of life has become thoroughly ingrained in the scientific discourse. It is an integral part of the genetics first approach to the problem of the origin of life that compares with the metabolism first approach that advocates a period during which metabolic reactions evolved prior to the appearance of informational polymers. 1, 2 At the center of the RWH is the observation that RNA, an informational polymer, is also in certain instances a biological catalyst. These two properties allow RNA to provide a solution to the chicken or egg problem of which came first, proteins or DNA; RNA catalysis by ribozymes occurred prior to the emergence of protein enzymes. 3 In the RNA world there is no need for the complex translational apparatus required for the production of coded proteins. Hence, the central assumption of the RWH is that RNA synthesis preceded encoded protein synthesis. 4, 5 The distance between prebiotic chemistry and biology, and the problem presented by a claim for RNA as a replicating polymer early in the origin of life have been described by Whitesides: Most chemists believe, as do I, that life emerged spontaneously from mixtures of molecules in the prebiotic Earth. How? I have no idea. Perhaps it was by the spontaneous emergence of simple autocatalytic cycles and then by their combination. On the basis of all the chemistry that I know, it seems to me astonishingly improbable. The idea of an RNA world is a good hint, but it is so far removed in its complexity from dilute solutions of mixtures of simple molecules in a hot, reducing ocean under a high pressure of CO2 that I don't know how to connect the two. 6 In this paper I extend a previous hypothesis that attempted to bridge the gap between prebiotic chemistry and biology by proposing that RPS evolved from an earlier process in which synthesis of proteins and nucleic acids was coupled. 7 The coupled process used a singlet coding system, and the main focus of this paper is to describe the transition of the singlet process into the triplet ribosomal process.
RNA has an evolutionary history
The principal difficulty for the RWH is that RNA is an extraordinarily complicated polymer. Biological synthesis of RNA starting from simple molecules such as carbon dioxide, ammonium, and phosphate ions requires a very large number of enzymes. Critics of the RWH point to this complexity and the difficulties for nonenzymatic RNA synthesis from simple starting reagents. 8, 9 A brilliant new pyrimidine nucleotide synthesis needs special reagents and conditions. 10 Proponents of the RNA world recognize the difficulty in first assembling RNA. 3 The problem of a simple mechanism for RNA synthesis remains unanswered. In response some markedly different catalytic systems have been proposed for the origin of life including stacking of heterocyclic bases in the absence of a backbone, 11, 12 compositional catalysis by assemblies of lipid molecules, 13, 14 and catalysis by mixtures of random oligomers formed from prebiotically available molecules. [15] [16] [17] Proposals that do not include linear replicating polymers have to explain the eventual synthesis of RNA together with the metabolism needed to support it. A number of somewhat simpler RNA-type polymers have been synthesized. 18, 19 In all cases the purines and pyrimidines are retained for base pairing purposes and the polymer backbone is altered. Implicit in these syntheses is the notion that RNA was produced from simpler polymers as the result of an evolutionary process Such a concept opens what Orgel calls a Pandora's box, because there is no way of knowing the structures of the evolutionary predecessors, and therefore the origin of life from an RNA world point of view becomes opaque. 18 In addition, the catalytic activity of evolutionary predecessors of RNA would not have been the same as that of RNA (which is highly dependent on 2'-OH groups), but it was the catalytic properties of the predecessors that would have been required for the original synthesis of RNA. 20 Evidence for the RNA world hypothesis Proponents of the RWH look for support to the biochemical activities of ribozymes, which are presumed to be holdovers from the previous RNA era, and an impressive number of non-biological RNA-catalyzed activities generated by in vitro selection show the range of reactions that can be catalyzed by RNA. 21 In spite of their potential as catalysts, only a few biological reactions are catalyzed by ribozymes. 22 Most of them involve hydrolysis of RNA or self-excision of introns from RNA transcripts. [23] [24] [25] [26] In many cases ribozymes are components of ribonucleoprotein (RNP) complexes in which protein components are required for in vivo activity. 4 Surprisingly from an RWH perspective, no RNA component is involved in RNA synthesis, even though a central role is proposed for an RNA polymerase ribozyme in the RNA world, 27 and the core of such a polymerase has a similar catalytic site to that of the RNA polymerase enzyme. 28 Two particular RNA-catalyzed reactions are considered to be living molecular fossils of the RNA world. 29 One is catalysis by ribonuclease P (RNase P), which is best known for cleavage of 5'-leader sequences from tRNA transcripts, and the other is catalysis of peptide bond formation by the large subunit of the ribosome. A core catalytic RNA sequence in RNase P is conserved, and under high salt conditions the RNA subunit by itself catalyzes the reaction; however, it is inactive in vivo in the absence of the protein subunits, which stabilize the superstructure of the RNA. RNase P has one RNA subunit and either one (bacterial), four (archaeal) or multiple (eukaryotic) protein subunits. Protein subunits appear to have been added to the RNA component to broaden its functions. [30] [31] [32] [33] [34] [35] The ribosome is an RNP
The most important biochemical evidence for the antiquity of ribozymes comes from crystal structure determinations and other studies of the large subunit of the ribosome; the evidence confirms that the peptidyl transferase active site is formed from domain V of the 23S rRNA and does not involve ribosomal proteins. [36] [37] [38] [39] Therefore, it is reasoned that, Because the catalytic element that synthesizes proteins must have preceded proteins, the ribosome and, thus, ribozymes must have preceded protein synthesis. 40 The decoding center where mRNA interacts with complementary tRNA anticodons is located on the small subunit and is primarily formed from 16S rRNA. 39, 41, 42 The ribosome was regarded as such solid evidence for the antiquity of the RNA world that those of us who were unconvinced were invited to wake up and smell the coffee, 43 and implored to accept the new RNA world-centered concept of translation. 44 Is the evidence really that compelling? What about other aspects of ribosomal protein synthesis (RPS)?
Ribosomal proteins are not passive contributors to ribosome function. 45, 46 Assembly of the large and small subunits is dependent upon ribosomal proteins. In the absence of ribosomal proteins 23S rRNA is unable to serve as a peptidyl transferase. 47 Only domain V of the 23S rRNA is a large independently folding RNA segment, 48 but RNAs based on domain V have not (yet) been found to support peptidyl transferase activity in the absence of proteins. 49 Several ribosomal proteins assist in assembly of the large subunit by providing unstructured, highly positively charged polypeptide sequences that bind RNA segments together and extend into the center of the subunit. 36 These extensions fold cooperatively with the RNA. 45 16S rRNA also folds cooperatively with ribosomal proteins to produce the small subunit. 50 Mutations of ribosomal proteins markedly affect translation or growth (for details, see the Appendix). Several protein factors are involved in intiation, elongation and termination of translation. Soluble GTPase factors such as the aminoacyl-tRNA loading factor, EFTu, and the translocation factor, EFG, are not required for protein synthesis. The energy of the aminoacyl-ester bond of aminoacyl-tRNA is sufficient to drive translocation. 51, 52 Nonetheless, GTP hydrolysis by EFG is regarded as a critical step in the selection process for a cognate tRNA in the A site of the ribosome. 53 GTPases improve the rate and accuracy of protein synthesis. 54 The majority of the bridges between the small and large ribosomal subunits involve RNA-RNA interactions but several proteins are also involved. 55, 56 At minimum, proteins are required for correct assembly of the ribosome and maintenance of the rate and accuracy of protein synthesis. 54 Numerous metal ions, particularly Mg 2+ , fulfill structural roles in the RNA components of the ribosome, including the immediate vicinity of the peptidyl transferase center but not the active site itself. [57] [58] [59] Overall, the ribosome, like RNase P, is best described as an RNP catalyst that also requires Mg 2+ for its function.
Evolution of the ribosome
Determination of the initial structure of the large subunit was accompanied by the conclusion that such a complex structure must have evolved from a small RNA domain. 37 A dimeric proto-ribosome based on the segment of domain V that binds to the 3'-termini of tRNAs in the A and P sites, has been proposed as a simple precursor of 23S RNA that produced non-coded polypeptides. 60 Enhancement of the activities of ribozymes has been proposed as the function of the early non-coded polypeptides. 61 Interstrand RNA binding often involves A-minor interactions between adenines of single-stranded RNA and the minor groove of double-stranded RNA helices, particularly those containing G-C base pairs. 62, 63 Addition of RNA modules that bind to domain V via A-minor interactions has been proposed as the means by which the final 23S rRNA was produced. 64 In this model, ribosomal proteins were added to the structure at the end, allowing the hypothesis to be in accord with the RWH. An alternative explanation is that expansion from domain V into the 23S rRNA was accompanied by changes in ribosomal proteins and that they retained importance in various aspects of ribosomal function. The conclusion that seems to be most in accord with the biochemical evidence is not that RNA synthesis preceded RPS, but that RNPs preceded RPS.
Evolution of the genetic code
Before discussing how ribosomal and other proteins could have been synthesized in the absence of RPS, I will briefly address another related issue, the evolution of the genetic code. Ever since the genetic code was deciphered the questions of the origin and evolution of the code have loomed large. 65 These problems have been addressed by numerous hypotheses, 66 ,67 some of which have accepted the notion that the genetic code originated in an RNA world, perhaps to assist ribozyme activity. 68, 69 The idea that the full genetic code evolved from a subset of codons coding for a subset of amino acids began with the proposal that an RRY mRNA (R=purine, Y=pyrimidine) could only be read in one frame. 70 Eigen and Winkler-Oswatitsch proposed that the universal code evolved from one in which glycine, alanine, valine, and aspartic acid were coded by GNY codons (N=any base), with the central base determining which one of the four amino acids was incorporated into a growing polypeptide chain. 71 Proteins comprised of these four amino acids will be referred to as GAVD proteins. GNY codons were proposed as the codons used in the transition from a singlet code to a triplet code with a G at the first anticodon position of tRNAs (position 34) able to recognize a C or U at the third codon position. 7 In subsequent proposals the GNY code has been refined to a GNC set of codons that would bind to complementary GNC anticodons, allowing two pairs of G-C triple hydrogen bonds to stabilize codon-anticodon binding. 69, [72] [73] [74] This set of codons would enable opposite strands of RNA to each code for proteins. [75] [76] [77] The strengths of codon-anticodon interactions vary, with important contributions coming from G-C triple hydrogen bonds and stabilization of G-C base pairs by A-minor interactions. Among the most stable codon-anticodon interactions are those involving GGC, GCC, and GAC anticodons, 78 and the GAC anticodon binds more tightly to the GUC codon than the GAA anticodon to the UUC codon. 79 Therefore, interactions of GNC codons with their corresponding anticodons in the earliest ribosomal process would have been among the most stable.
tRNAs are generally extensively modified, especially at anticodon base 34 and base 37 immediately 3' of the anticodon. These modifications produce changes in the structure of the bases in the anticodon loop that enable the three bases of the anticodon to adopt a structure that improves codon-anticodon pairings in the decoding center of the ribosome. These structural changes also assist in reading frame fidelity. [80] [81] [82] [83] However, bases 34 and 37 are generally not modified when the anticodon is GNC, 84, 85 showing that an early set of GNC codons could have been read without these tRNA modifications. An exception is methylation of G37 in tRNAAsp(GUC) that prevents its aminooacylation using arginyl-tRNA synthetase. 86 This modification would not be needed before arginine became a coded amino acid. Modification of archaeal tRNAs appears to be significantly limited compared to bacterial and eukaryotic tRNAs, 87 be read except for a modified C of a CAU anticodon to read the Ile-AUA codon. Another archaeum, Methanococcus jannaschii, has almost the same base 34 pattern. 88 These species may have preserved the ancestral set of GNC anticodons together with anticodons to be used for coding as the genetic code expanded.
Coupled nucleic acid and protein synthesis
If the earliest ribosome had proteins as well as RNA, how were the RNA and proteins produced? By logic, the proteins must have been produced by a non-ribosomal process. My view is that the existence of an RNA world is unlikely and Pandora's box must be opened. Is the evolution of RNA as much of an open-ended question as Orgel suggests? The complexity of RNA demands that its synthesis evolved in several stages from a simple polymer, with the polymer at each stage able to infer an advantage over the previous stage in terms of hydrolytic and thermal stability, leading to RNA (and subsequently to DNA) with optimization of function. Each stage would have required an accompanying expansion in metabolism so that new monomers could be synthesized and activated, and the new monomers would need to use an earlier polymer as a template for synthesis in the same way that an RNA template is used for synthesis of DNA from dNTPs catalyzed by reverse transcriptase. Two possible RNA predecessors, one with a backbone of glycerol-phosphate and another with threosephosphate, have been shown not to be sequential in evolution because they cannot form a mixed double-stranded helix. 89 In a previous paper I introduced the hypothesis that the earliest predecessor of nucleic acids was a β-linked linear polyester synthesized from malic acid, which is a simple molecule at the center of modern metabolism. Such a polymer has carboxylic acid side chains capable of interstrand hydrogen bonding. By itself, poly-(β-malic acid) is not a genetic polymer because that would require at least two different side chains, but it could be converted into a genetic polymer by modification of the carboxylic acid side chains to produce two different side chains. Modifications that produced two different side chains with carboxamide functional groups would allow interstrand amide pairing. From this beginning a series of evolutionary steps converted the polyester backbone into the 3'-5' ribose phosphodiester backbone of RNA, and the amide-containing side chains into the four bases. 7 RNA polymerization from NTP monomers using RNA polymerase is driven in the direction of product by the energy generated by formation of a phosphodiester bond at the expense of a phosphoanhydride bond, together with a shift in the equilibrium towards polymerization resulting from hydrolysis of the other product, pyrophosphate, by pyrophosphatase. The same shift in equilibrium driving linear polyester synthesis could have arisen if the monomers were esterified at the free hydroxyl group with amino acids, and during polymerization the amino acid was not released but incorporated into a growing α-polypeptide on the end of the polyester chain. In this way polymerization of β-polyester and α-polypeptide chains could have been coupled: one copy of polypeptide produced per strand of polyester. The simplest coding system would have been one in which two monomers with different side chains were esterified with glycine and alanine, the two simplest amino acids. Coupled polyester/polypeptide synthesis evolved into coupled synthesis of RNA and proteins from 3'-aminoacylated-NMPs, and the early coding system evolved into one in which the 3'-hydroxyl groups of AMP, GMP, CMP and UMP, were specifically aminoacylated with aspartic acid, glycine, alanine, and valine, respectively, allowing coupled synthesis of RNA and proteins as shown in Figure 1A . 7 Peptide bond synthesis in this process would resemble that directed by polyU from 2'(3')-glycyl esters of adenosine derivatives. 90 Judging by the existing editing requirements for mischarged tRNAs (reviewed in reference 91), aminoacylation of NMPs may only have required proofreading to remove Gly from mischarged CMP, which could have been accomplished by an independent editing catalyst. 92, 93 Four different bases coding for four different amino acids would have been a singlet process. The four amino acids coded by the singlet process were the same as those resulting from translation of GNC codons in the triplet system. The types of protein that would have been possible from the singlet process can only be inferred from the properties that Gly, Ala, Val, and Asp confer on proteins produced by RPS. All of the proteins would have been acidic. Glycine, alanine, and valine are well-established components of the transmembrane domains of integral membrane proteins, as found for example in the glycophorin A dimer. 94 These amino acids are also able to form the core of a globular protein, as exemplified by the conserved core of the C-Ala globular domain. 95 Main chain C=O bonding to metal ions and main chain N-H hydrogen bonding to anions commonly depend on the conformational flexibility provided by glycine. [96] [97] [98] Aspartate is found in the active sites of numerous enzymes, including polymerases and nucleases where it acts together with Mg 2+ in binding to phosphate. 99, 100 In biochemistry, binding of proteins to phosphate commonly involves lysine and arginine side chains but it can also occur primarily through main chain N-H hydrogen bonding. 101 Ribosomal proteins are nearly all basic, but binding to RNA through main chain N-H and Asp/Mg 2+ may have existed prior to the inclusion of basic amino acids into the genetic code. Therefore, ribosomal proteins coded by the singlet process would have been able to bind to RNA. With a low ratio of protein to RNA in the singlet process, perhaps close to 1:1, it would be almost inevitable that proteins and RNA would frequently interact and function together. In other words, many of the catalytic entities may have been RNPs. RNA would not be expected to traverse primitive membranes, and this capability probably rested with proteins. Some of the catalysts may have been ribozymes acting without a protein component. The singlet process could have established a complex RNP world into which RPS was born. RNPs that included proteins generated by the singlet process will be referred to as singlet RNPs. 49 other RNAs isolated by in vitro selection allow peptide bond formation in the absence of proteins including short RNA sequences. [102] [103] [104] Similarly, RNAs have been isolated that bind to amino acids with some specificity, primarily to amino acids with complex side chains. 105 61, 107, 108 Binding of amino acids and activated amino acids to sites created by small folded RNA molecules is clearly established and close proximity of such sites is entirely reasonable, but when it comes to the transition to ribosomal protein synthesis these hypotheses become vague. 107, 108 They intersect with the coevolution hypothesis developed here at the point where singlet RNPs were used for activation of amino acids as 3'-aminoacylNMPs for singlet replication. RNA components of these RNPs could have had structures similar to those obtained by in vitro selection.
Review
Although RNAs based on domain V of 23S rRNA have not been found to support peptidyl transferase activity,Binding of amino acids to RNA sequences is thought to resemble binding to codons or anticodons, allowing for a stereochemical explanation for the genetic code. In some instances RNAs act in vivo by binding small molecules upstream of the start sites of mRNAs, allowing regulation of protein synthesis. 106 These experimental observations have allowed development of versions of a direct RNA template hypothesis for the emergence of coded protein synthesis in the RNA world via intermediate formation of noncoded polypeptides.
Evolution of tRNAs
The last step in this hypothesis is to describe the transition from a singlet to a triplet coding system for protein synthesis, but before doing so, it is necessary to address two other issues: the evolution of tRNAs and aaRSs. tRNA has a structure suggesting that it was originally formed from two half-tRNAs, the top half containing the acceptor stem and TYC stem/loop and the bottom half containing the D and anticodon stem/loops, and that they were subsequently linked together to form fulllength tRNAs. 109, 110 Surprisingly, in the otherwise highly reduced genome of Nanoarchaeum equitans some tRNAs are indeed coded by two separate RNA segments. 111 One approach to understanding the evolution of tRNAs has been to suppose that their function in translation was preceded by a different function, and tRNAs and tRNA-like structures have several roles in addition to that in ribosomal protein synthesis. 112 In one of them tRNA-like segments are found at the 3' ends of some singlestranded RNA viral genomes with the same terminal 3'CCA sequences as those found in tRNAs. 113, 114 The existence of these and other tRNA-like structures prompted Weiner and Maizels (W-M) to hypothesize that during the RNA world they played a role in initiating ribozyme-catalyzed RNA replication, with the 3' CCA ends acting as templates and primitive telomeres. 115, 116 Consequently, tRNA-like structures first evolved their function in RNA replication, only later to be cleaved by RNase P for use as tRNAs in ribosomal protein synthesis. Although the coupling of protein and RNA synthesis proposed here seems to fit well with the W-M hypothesis, the use of 3' CCA ends is problematic. The implication of the W-M hypothesis is that the 3' CCA terminal residues were evolutionarily conserved from RNA-catalyzed replication to translation, but this is not the process of tRNA synthesis. tRNAs are transcribed as precursors and processed to remove sequences at the 5' end using RNase P and at the 3' end using the endonuclease, RNase Z, 117 or endonuclease, RNase E, plus exonucleases. 118 All mature tRNAs have CCA at the 3' end, but in archaea, eukaryotes, and many bacteria, tRNA transcripts end at base 73, the discriminator base, and CCA is added post-transcriptionally using CCA adding enzyme [ATP(CTP): tRNA nucleotidyl transferase]. In a hypothetical pathway by which tRNA-like structures evolved into transcribed tRNA sequences it is difficult to understand why CCA ends would be removed and then added back. Moreover, the CCA-adding enzymes come in two classes that code for structurally different proteins showing that the CCA-adding enzyme has evolved twice. 119 This suggests that ribosomal protein synthesis has not always used tRNAs with CCA ends, and raises the possibility that the discriminator base, now mostly an A, was a universal A and the site of aminoacylation prior to addition of CCA.
Identity elements are those tRNA bases that are recognized by their cognate aaRSs and provide specificity for tRNA aminoacylation. Primary identity elements in the acceptor stem include the discriminator base and base pairs at positions 4-69, 3-70, 2-71, and 1-72. [120] [121] [122] The 3' terminal CCA sequence ending with A76 does not act as an identity element, nor in general do post-transcriptionally modified bases. Even since the split of the kingdoms, identity elements of tRNAs have evolved as illustrated particularly by tRNA Gly . 123 tRNAs for GAVD amino acids illustrate many general features of the identity elements of tRNAs. 121 Identity elements in tRNA Gly include particularly G1-C72 and C2-G71 in the acceptor stem and anticodon positions 35 and 36, and to a lesser extent G3-C70. Thus, major identity elements are commonly found in the acceptor stem and anticodon. As its name suggests the discriminator base is often an identity element, but unusually the base involved in glycylation of eubacterial tRNA Gly (generally U73) is different from that of archaeal or eukaryotic tRNA Gly (A73). 123 G3-U70 is a completely conserved major element in tRNA Ala . Less important are the acceptor stem pairs G1-C72 and G2-C71. Base 73 and the anticodon bases are not elements for tRNA Ala . 124, 125 tRNA Val has major identity elements at anticodon bases 35 and 36 and a minor element at base 73. 126 G73 and bases G34, U35, C36, and C38 in the anticodon loop are identity elements for tRNA Asp . 127 My previous proposal was that the earliest tRNAs had at their 3' ends four different bases that were aminoacylated with four different amino acids in the same way as the NMPs were aminoacylated for the singlet replication process. 7 The earliest site of aminoacylation may have been position 71, which is still C for Ala and G for Gly. The central base of the four GNC codons was the same as base 71 of the corresponding tRNA ( Figure 1B) . From the point at which tRNAs were formed from the top and bottom halves, a hypothetical path for tRNA evolution involves the following steps. Initially, tRNAs ended at position 71, and the base at position 71 was the only identity element. The 3-70 and 4-69 base pairs then developed as identity elements for aminoacylation. Bases 72 and 73 were added with base A73 becoming a universal site of aminoacylation. Identity elements for aminoacylation expanded further to include a 2-71 base pair. Lastly, CCA was added to the 3' end of tRNAs and A76 became the site of aminoacylation, allowing base 73 and base pair 1-72 to become identity elements. In order to expand the codons for tRNAs ending in CCA (A76 tRNAs), new identity requirements had to be met to maintain fidelity. This involved recognition of other bases, particularly anticodon bases, as identity elements. Each step in the evolution of tRNAs would have been accompanied by changes in the ribosome that improved translation. For example, the last step, adding the CCA ends, would have been accompanied by changes in the large subunit rRNA in which Gs in the Aand P-loops of domain V provided binding to cytosines in the CCA ends of tRNAs in the peptidyl transferase active site. 128 Evolution of aminoacyl-tRNA synthetases aaRSs play critical roles in translation by ensuring that amino acids are bound to their cognate tRNAs. Two structural classes of aaRSs are defined by specific sequence motifs in their catalytic sites. 129 Lysine is exceptional in having aaRSs in both classes. 130 Each class has a modular structure, and evolution of aaRSs is explained by fusion of domains to a core catalytic domain for amino acid adenylation and transfer to the 3' terminal A76 of tRNA. [131] [132] [133] Fused domains recognize identity elements in the acceptor stem, the anticodon, and other tRNA segments, and in some cases provide an editing function for removal of mischarged amino acids. As an example, AlaRS consists of catalytic, tRNA recognition, editing, and oligomerization domains. [134] [135] [136] The idea that separate domains became fused to form aaRSs is supported by the existence of separate editing domains in some cases. 95, 137 Sometimes the catalytic domain itself makes significant contacts with the acceptor stem and other tRNA segments. 13 Sequence and structure comparisons of aaRSs have allowed classes I and II to be subdivided and their evolution to be traced by comparison of aaRS catalytic domain sequences. [138] [139] [140] Gene duplications first established the subclasses of aaRSs and continued until the present members in each class were produced. Anticodon binding domains (ABDs) were added at particular points in the process. After aaRSs gained the ability to recognize anticodon and other tRNA bases, identity elements in the acceptor stem were relaxed and acceptor stem sequences including the discriminator base diverged. 121 Analysis of the sequences and structures of several protein components of the translation process including aaRSs, nucleic acid polymerases, and ribosomal proteins show that substantial diversification of proteins within each of these classes has already occurred before the emergence of universal and currently indispensable components of the translation system. 141 For example, class I aaRSs and other enzymes are evolutionarily linked to an antecedant containing a Rossman fold structure. Supporting the conclusion that RPS was well advanced before establishment of the aaRSs are phylogenetic and experimental evidence that at least one of two LysRSs arose after establishment of tRNA Lys , 142,143 similar identity elements for tRNACys recognized by two evolutionarily distinct aaRSs, 144 and lineage differences of Tyr-RS and Gly-RS. [145] [146] [147] How did class I aaRSs that were indispensable for protein synthesis evolve with other proteins from the same basic structure? This conundrum has been explained by prior evolution of tRNAs in an RNA world. 141, 142 Hohn et al. conclude that tRNA identities and the universal genetic code were established in the RNA world before the aaRSs. 144 An alternative explanation for the late appearance of the aaRSs is that expansion of RPS to encompass the genetic code used tRNAs ending with a universal A73 (A73 tRNAs). At that time the A73 would have been bound into the peptidyl transferase active site of an earlier form of the large ribosomal subunit by A-minor interactions similar to those formed by A76 of A76 tRNAs in the A-and Psites of the large ribosomal subunit. 56, 62 Structures of aaRSs suggest that binding of CCA ends to catalytic domains is an original property of aaRSs. 138 Their catalytic domains were not used for aminoacylation of base 73 and then expanded to aminoacylate base 76. Therefore, aaRSs have always used CCA ends, A73 tRNAs were not substrates for aaRSs, and aminoacylation of A73 tRNAs used different catalysts from the aaRSs. These catalysts would have needed continuity with the earlier process of aminoacylation of base 71, which means that they recognized identity elements primarily in the acceptor stem of A73 tRNAs. For instance, recognition of the identity elements for A73 tRNA Ala would include G2-C71 plus the G3-U70 that is the major identity element of tRNA Ala . Coordination of A73 tRNA binding and aminoacylation would have been easier when the identity elements in the acceptor stem were closer to the active site than they are for A76 tRNAs, as shown by the two additional domains that are needed to recognize G3-U70 of tRNA Ala by AlaRS. 134 Another possibility is that recognition of A73 tRNAs involved ABDs similar to those found in aaRSs, but as independent subunits that could be later fused to aaRS catalytic domains. The OB-fold used by AspRS for anticodon binding, 148 probably had an early role in translation, 149 but other ABDs have novel RNA binding properties, 138 suggesting that they evolved for use with aaRS catalytic domains and were not holdovers from aminoacylation of A73 tRNAs. Thus, identity elements for A73 tRNA aminoacylation, principally in the acceptor stem, may have been sufficient for expansion of the code.
Adaptation of aaRSs to A73 tRNAs with added 3'CCA ends presented a continuity problem; the aaRS catalytic domains did not necessarily have binding sites for the amino acids corresponding to those required by the anticodons of the new A76 tRNAs and determined previously by identity elements in the acceptor stems of A73 tRNAs. For continuity purposes, identity elements in the acceptor stem of A76 tRNAs would have had to select for those aaRS catalytic domains that bound the correct amino acid. To provide binding to the acceptor stem for recogniton of identity elements, the first aaRS catalytic domains may have had small inserts or additions such as the pair of antiparallel α helices that bind to the minor groove of the acceptor stem of tRN AIle . 150 Having selected for a particular tRNA via identity elements, the aaRS catalytic domains would need to select for the cognate amino acid. Cells in which A76 tRNAs were charged with the wrong amino acids would incorporate wrong amino acids into many proteins, which would be seriously detrimental to growth. In class II aaRSs the amino acid binding site is determined by amino acid side chains, 138 and the selection process for the correct aminoacylation reaction would involve variation in these side chains. (In passing it should be noted that introduction of the aaRS catalytic domains into an existing RNA world of aminoacylation reactions would present a similar, perhaps even worse, continuity problem.)
Replacement of pre-aaRS aminoacylation catalysts occurred sequentially via gene duplication and mutation of aaRS catalytic domains, and their fusion to other domains for recognition of new identity elements and editing of mischarged amino acids. Complete changeover to aaRSs and A76 tRNAs may not have been accomplished prior to the separation of eubacteria and eukaryotes. 151 During the changeover the peptidyl transferase site of the ribosome would have had to accommodate a mixture of tRNAs ending in either A73 or A76. Addition of Gs in the A-and P-loops of the large rRNA would also occur in a stepwise manner to improve binding to the CCA ends.
In cases where amino acid binding sites of aaRSs bind to amino acids with similar side chains, editing domains have been incorporated to selectively cleave misacylated amino acids from tRNAs. 91 Proofreading to remove amino acids from noncognate tRNAs was likely to have been as necessary for A73 tRNAs as it is for A76 tRNAs. Given the abilities of separately expressed editing domains to deacylate A76 tRNAs, 152, 153 and the existence of separate proteins for trans-editing in some cases, 92, 93, 137 similar editing proteins may have served the same purpose for A73 tRNAs. Hence, editing domains in aaRSs may have been carried over from the A73 tRNA period.
Installation of aaRSs and A76 tRNAs must have provided a significant advantage over the A73 system that it replaced. One advantage may have resided in the use of pyrophosphatase. Pyrophosphate may have had a prominent role as an energy currency in early cells. 154 When ATP became the principal energy currency the role of pyrophosphate was diminished and pyrophosphatase became a prominent enzyme for driving biosynthetic reactions involving cleavage between the α and β phosphates of NTPs. If this was the case, amino acid activation and transfer to A73 tRNAs may have been catalyzed by members of the ATP grasp superfamily of enzymes that ligate carboxylates with a range of substrates via intermediate formation of acyl phosphates and release of ADP. 155 In summary, evolution of tRNAs in three steps was accompanied by three stages in evolution of tRNA aminacylation: first, singlet RNPs aminoacylated tRNAs at base 71 allowing translation of GNC codons, then triplet-coded proteins, perhaps related to the ATP grasp superfamily, catalyzed aminoacylation of tRNAs at A73 allowing expansion of the genetic code into the universal code, and finally the catalytic domains of aaRSs aminoacylated A76, and aaRSs and A76 tRNAs evolved to replace the A73 tRNA system.
Transition from singlet-to tripletcoded protein synthesis and expansion of the genetic code the singlet process for protein synthesis was eventually replaced, and RNA synthesis evolved to use nucleoside triphosphates and pyrophosphatase. Crick 65 If all of the RNA sequence was converted from a singlet process to a triplet process this would be correct, but if the triplet process was introduced for segments of RNA while the singlet process was still operating for RNA replication, it would not. A triplet process for protein coding using RNA segments with GNC codons could coexist with a singlet process without violating continuity if the singlet RNP catalysts that were used for aminoacylation of NMPs for replication were also used for aminoacylation of the four bases at position 71 of the earliest tRNAs.
No independent function for the bottom half of the tRNA molecule has been found, leaving the origin of the codon-anticodon interaction as a major problem in biology. What is the evolutionary predecessor of two adjacent sevenmembered loops each forming a minihelix with another strand of RNA? My previous hypothesis was that they functioned in opening a bubble in dsRNA and translocation of the bubble along dsRNA. 7 Crystal structures and other studies of the small ribosomal subunit suggest another possibility, namely that the minihelices evolved from a singlet RNP replication process in which RNA provided fidelity checking for W-C pairing. In the A site of the decoding center of the ribosome, base pairs involving codon base 1 and anticodon base 36, and codon base 2 and anticodon base 35, are monitored by A-minor interactions with 16S rRNA bases for correct W-C base pairing. This is one of the principal ways by which fidelity in translation is maintained. RNA based W-C fidelity monitoring is thought to be older than protein-based fidelity monitoring used by polymerases. 42 The mechanism for checking correct W-C pairing in a singlet RNP-catalyzed replication process may also have involved an A-minor interaction for each base incorporated into the nascent strand with the monitoring system translocating one base at a time along the template strand. Another, perhaps higher fidelity, mechanism may have involved more than one A-minor interaction to allow some type of back-tracking for excision of misincorporated bases. Singlet RNP replication may even have added three bases at a time before the monitoring process translocated along the template strand. Replication may have had two RNP components, one for fidelity checking and the other for catalysis of phosphodiester and peptide bond synthesis. Ribosomal translocation evolved from RNP replicase translocation by separating fidelity checking and peptide bond formation in the small and large ribosomal subunits, and losing phosphodiester bond formation. Codon-anticodon interactions in the A-and P-sites mimicked a segment of double stranded RNA binding between the nascent and template strands in the singlet RNP replicase. Addition of each new tRNA anticodon added to the template strand (Figure 2) .
During the A73 tRNA era the genetic code developed from the four original amino acids into the universal code. To reach that point, gene duplication allowed evolution of new metabolic pathways for synthesis of new amino acids. Codons were not reallocated from one amino acid to another as new amino acids were incorporated into the code. Stop codons were used for amino acid expansion. 156 Use of stop codons for pyrolysine and selenocysteine has extended the universal genetic code. 157 Duplication and mutation of tRNA genes and modification of tRNA bases generated tRNAs with new anticodons and identity elements that allowed stop codons to be used to introduce new amino acids. Mutations in mRNA genes that produced stop codons permitted new amino acids to be incorporated into existing sequences, allowing selection for improved function. Alterations to the ribosome included adding segments to rRNA genes and new ribosomal proteins. Additions to large subunit rRNA may have displaced ribosomal proteins away from the peptidyl transferase center leaving unstructured peptide sequences for binding of the new rRNA segments. Refinement of the ribosome also permitted fidelity checking after peptide bond formation. 158 Intergenic RNA segments remained after the transition to NTP-based RNA synthesis and triplet-coded translation. The proposal by Eigen and Winkler-Oswatitsch for an early GNY coding system was based on analysis of tRNA sequences. 71 It is possible that tRNA genes were coding sequences that lost their coding capabilities, but it is not necessary for either rRNAs or tRNAs to have coded for proteins in the triplet process. Some RNA sequences that did not code for proteins became introns allowing the length of triplet coded sequences to increase and linking up sequences of rRNAs or tRNAs. 159, 160 Introns are rarely found in archaeal mRNAs, 161 but are found in tRNAs and rRNAs. 159, [162] [163] [164] The origin of introns has been the subject of much discussion. 165, 166 The introns-first hypothesis is that exons emerged from noncoding regions interspersed between RNA genes (genes coding for ribozymes and other RNAs) in RNA sequences. 166 As developed in this hypothesis, introns were derived from non-coding sequences remaining after the transition to the triplet coding system. The large number of non-coding RNA sequences performing regulatory and guide roles [167] [168] [169] [170] [171] [172] would also have evolved from sequences that were not involved in triplet coding.
Concluding remarks
The essence of this hypothesis is that a singlet coding system for coupled protein and nucleic acid synthesis existed prior to the triplet process for ribosomal protein synthesis. During the transition from the singlet to the triplet process continuity of coding was maintained. Explaining the emergence of RPS from the RNA world is major problem for the RWH. 54, 107, 108, 173 Evolution of RPS from a singlet coding system facilitates an explanation for the origin of RPS. Ostensibly, coevolution of two macromolecules, RNA and proteins, is not as parsimonious an evolutionary pathway as that of RNA alone. RNA has the ability to perform some of the functions of proteins, as shown by the ability of ribozymes to catalyze reactions similar to that of enzymes, but in other crucial respects RNA is unable to fulfill the function of proteins. In particular, RNA cannot act as an integral membrane protein, and therefore cannot be involved in nutrient and ion uptake, discharge of waste products, response to changes in the extracellular environment, and energy transduction. The coevolution approach allows proteins, from those initially containing only Gly and Ala to those containing Gly/Ala/Val/Asp to those containing the full range of amino acids, to be integral membrane proteins, providing a better evolutionary model than that provided by the apparently more parsimonious RWH. 
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